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ABSTRACT

Corn (Zea mays L.) root tonoplast vesicles were treated with
the primary-amine specific reagent, fluorescamine (FL). Modifi-
cation by FL caused a differential inhibition to the coupled activi-
ties of tonoplast H*-ATPase. Within the range of 0 to 5 micromoles
of FL per milligram of protein, the proton pumping rate was
significantly reduced but ATP hydrolysis was only slightly af-
fected. Yet, the membrane H* leakage during the pumping stage
increased only slightly. FL treatment resulted in (a) a decrease in
amine containing phospholipids and (b) an insertion of multiple
H-bonding moieties into the membrane. To test which of these
two possible effects were responsible for inhibition, FL deriva-
tives of benzylamine, butylamine, and phenylalanine were syn-
thesized. It was found that the acyclic derivatives with high H-
bonding potential at concentrations of 10 micromolar inhibited
proton pumping by 50% without a significant effect on ATP
hydrolysis. Cyclic derivatives were largely ineffectual. Proton
leakage during pumping was not affected by these acyclic mod-
ifiers. Membrane fluidity, as measured by the polarization of
diphenyl hexatriene, decreased upon treatment with either FL or
its derivatives. The results suggest that the proton pumping is
indirectly linked to ATP hydrolysis in the tonoplast vesicles, and
the link between these processes is apparently weakened by the
presence of acyclic fluorescamine derivatives in the membrane.

The tonoplast membrane of plant roots contains at least
two enzymes, an ATPase and a pyrophosphatase, which can
convert the chemical free energy released from the hydrolysis
of high-energy phosphoester bonds, into a transmembrane
proton, electrochemical gradient (2, 6, 8, 33). According to
the chemiosmotic concept, the resulting pH gradient and
membrane potential may be used as the primary driving force
to transport materials across the membrane (15, 19). Indeed,
the coupling of the proton gradient to the movement of Ca**
(21, 22) and sucrose (5) has been reported for tonoplast
membranes. However, the molecular mechanism by which
ATP hydrolysis induces vectorial proton transport remains
unresolved.

The relative consistency of H*/ATP ratio for the tonoplast
H*-ATPase obtained under certain conditions would suggest
that the coupling between ATP hydrolysis and proton pump-
ing is direct (1). The direct coupling mechanism implies that
at least one molecular event must be common to the pathways
leading to ATP hydrolysis and proton pumping (14). Coupling
could also be accomplished through an indirect linkage, such
as a membrane Bohr effect advocated by some researchers

(10, 28). In our previous work with corn root tonoplast
vesicles, we demonstrated that proton pumping exhibited a
greater sensitivity to nitrate inhibition (29), temperature (27),
mercury (27), and divalent cations (30), as compared to ATP
hydrolysis. To further explore the nature of the coupling
between these two processes, we used fluorescamine modifi-
cation employed in previous studies of mitochondria and
purple membrane systems (13, 28, 31).

Fluorescamine (Fig. 1, structure I) is an irreversible, pri-
mary-amine-specific fluorescent reagent (32, 34). The reaction
is rapid and nearly quantitative at neutral or alkaline pH at
room temperature (25). The excess reagent, if any, reacts
relatively fast with water to generate nonfluorescent products.
The reaction products (compounds II) are highly fluorescent
and contain hydroxyl, carboxyl, and carbonyl groups which
are excellent H-bonding functionalities. The acyclic fluores-
cent products slowly recyclize to form compounds III which
have lower H-bonding capability (20, 28).

As described in previous studies, direct covalent modifica-
tion of mitochondrial membrane (13) or Halobacterium
membrane (31) with I resulted in a preferential inhibition of
energy-driven (electron transfer, ATP hydrolysis, and light-
dependent) proton pumping. A similar preferential inhibition
of proton pumping was also observed in the presence of
acyclic (compound II) but not cyclic derivatives (compound
11I) (28). Thus, the presence of H-bond forming groups in the
membrane was essential for inhibition. These results suggested
that the primary energy yielding process was only indirectly
linked to proton pumping in those systems. Furthermore, the
linkage appeared to be sensitive to the insertion of acyclic
derivatives (compound II) in the membranes.

In the present study, we report the effects of fluorescamine
and its derivatives on the coupled activities of the H*-ATPase
in tonoplast vesicles obtained from corn roots. The results
suggest that the ATP hydrolysis step is linked to proton
pumping through a molecular arrangement which is sensitive
to the presence of acyclic fluorescamine derivatives (com-
pound II) in the membrane. A possible model to explain these
observations is proposed.

MATERIALS AND METHODS

Plant Materials

Corn seeds (Zea mays L. cv FRB 73, Illinois Foundation
Seeds') were germinated and harvested as previously described

! Reference to brand and firm name does not constitute endorse-
ment by the U.S. Department of Agriculture over others of a similar
nature not mentioned.
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Figure 1. Reaction between fluorescamine and primary amines.

(29). Approximately 60 to 80 g fresh weight of excised roots
were homogenized with mortar and pestle at 4°C in a homog-
enizing butter containing 0.3 M sucrose, 5 mMm EDTA, 5 mMm
2-mercaptoethanol, 5 mM DTE, and 0.1 M Hepes (pH 7.7)
(adjusted at 4°C). The crude homogenate was filtered through
four layers of cheesecloth. Differential centrifugation at
6,000¢ for 20 min and 80,000g for 35 min was performed to
obtain a microsomal pellet. Microsomes were resuspended in
20 to 26 mL of homogenizing medium and centrifuged again
at 80,000¢ for 35 min. Washed microsomes were suspended
in grinding medium and overlaid on a 15 to 45% (w/w) linear
sucrose gradient buffered with S mm Hepes-Mes (pH 7.7) plus
1 mM DTE and centrifuged at 4°C for 18 h at 84,000g
(average) in a Beckman SW-28 rotor as described previously
(29). The tonoplast fractions between 19 and 23% sucrose
were pooled and used for the analyses. Tonoplast vesicles so
isolated from roots of cultivar FRB73 are of very high purity
because all of other membranes sediment as one peak with
an average density of 38% sucrose (29).

Modification of Tonoplést Vesicles

Two hundred pL aliquots of purified tonoplast vesicles (20—
40 ug of protein) were warmed to room temperature over 3
min. While vortexing, up to 2 uL of acetone, typically con-
taining 10 mM fluorescamine, were rapidly added and then
mixed for 5 s. Immediately after the vortexing, the vesicles
were diluted to. 2.0 mL with the proton pumping assay me-
dium. After standing at room temperature (22°C) for 6 min,
the proton pumping and ATP hydrolysis were assayed as
described below. Samples prepared by the addition of acetone
only were used as controls. The effects of fluorescamine
derivatives were determined in the same manner except the
concentration of stock solutions in acetone was 33 mM.

Synthesis of Compounds Il and Ili

The fluorescamine derivatives (II) of benzylamine, butyla-
mine, and phenylalanine were synthesized and purified as
described by de Bernardo et al. (9) and Purcell et al. (18). The
purity of the derivatives was established by HPTLC? and IR

2 Abbreviations: HPTLC, high performance thin layer chromatog-
raphy; Bu, butylamine; Bz, benzylamine; DPH, 1,6-dipehnyl-1,3,5-
hexatriene; FL, fluorescamine, or 4-phenylspiro{furan-2(3H),1’-
phthalan]-3,3’-dione; PC, phosphatidylcholine; PE, phosphatidyleth-
anolamine; PS, phosphatidylserine; P, polarization.

spectroscopy as described previously (20). The derivatives
were stored in the dark at —20°C as stock solutions in acetone
and used promptly. The cyclization of derivatives II to yield
the corresponding lactones (III) was accomplished as men-
tioned by Ramirez et al. (20).

Measurement of ATP Hydrolysis

ATP hydrolysis was assayed by the direct measurement of
inorganic phosphate released at 22°C as previously described
(29). The release of inorganic phosphate was determined in
2.2 mL of the basal solution containing 50 mMm KCl, 7.5 um
acridine orange, 17.5 mMm Mes (pH 6.45), 2.5 mM MgSO,,
and tonoplast vesicles. The reaction was started by the addi-
tion of 20 uL of 0.2 M ATP and terminated after 6 min.
During this reaction time, the rate of ATP hydrolysis was
constant (29). The amount of inorganic phosphate released
was determined by the malachite green assay. At least 95% of
the ATP hydrolysis is catalyzed by the tonoplast ATPase
based on the sensitivity to nitrate, vanadate, azide, and mo-
lybdate (29). Parallel assays were conducted either in the
presence of 50 mM KNO; or the absence of Mg to assess the
effects of different treatments on the minimal ATP hydrolysis
of non-tonoplast origin.

Proton Pumping

The proton movement associated with tonoplast vesicles,
as measured by changes in the absorbance of acridine orange
at 492.5 nm (29), was analyzed by the following equation:

do/dt = Ry — ki6 (1)

in which do/dt represents the net proton transport rate at
time ¢ after the addition of ATP, R, the initial proton
pumping rate, k;, a rate constant measuring energized mem-
brane leakage and other possible inhibition processes such as
back pressure (35) and pump slippage (17), and 6, the extent
of proton transport at time ¢. At steady state, the net transport
rate becomes zero. Thus,

Ro = ki; @

in which &, is the extent of proton transport at the steady
state. Equation 2 may be integrated to yield

6 = 81 — exp[—kit]) ©)]
or
In(1 — 8/8,) = —kyt 4)

Since the proton transport is expressed by the absorbance
change, Equation 3 can be rewritten as

(A4 — 4) = (A; — A:)(1 — exp[—kit])
or
A, = A, — AA*exp(—k,t) )

in which 4;, A4, and A, represent the absorbance of the
indicator at time O, ¢, and steady state, respectively. If the
change in fluorescence of a dye is used to measure proton
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movement, then Equation 5 assumes the form of
F, = F, — AFxexp(—kit) (6)

As described in our previous report (30), an identical mathe-
matical expression as Equation 6, was obtained by direct
curve fitting (11). We have demonstrated previously (27, 29)
that under experimental conditions, ATP hydrolysis remained
constant during the buildup of the proton gradient in corn
root tonoplast vesicles. Thus, the initial proton pumping rate,
Ry, may be related to ATP hydrolysis rate by:

Ro = mRate @)

The quantity ‘m’ would then represent the stoichiometric
ratio of H*/ATP or a measure of the coupling between the
two coupled processes. After obtaining the proton pumping

information (1-2 min after reaching steady state), the same -

samples were used to determine the rate of ATP hydrolysis.
All of the proton pumping at pH 6.45 is catalyzed by the
tonoplast H*-ATPase based on sensitivity to nitrate and van-
adate (29). In addition, the vesicles contain very little pyro-
phosphate driven H* transport which is detected only at pH
between 7.8 and 8.5 (data not shown).

The proton gradient at steady state (4;) could be discharged
by a rapid depletion of substrate (Mg-ATP) by the addition
of hexokinase and glucose. This discharge, in essence, repre-
sents the membrane proton leakage in the deenergized state.
We ‘demonstrated previously (29) that this process can be
described by a simple first-order decay equation:

In(5/85) = —kat 8)

in which é and k; represent the residual proton gradient and
the leakage constant of deenergized membrane, respectively.

Membrane Lipid Extraction

Membrane lipids in 1.0 mL aliquots of tonoplast vesicles
were extracted with organic solvent as described by Moreau
and Isett (16). Polar and nonpolar lipids were separated
simultaneously by HPTLC by a slight modification of the
procedure of Kupke and Zeugner (12). Briefly, the organic
solvent was removed at 60 to 70°C under a stream of N,. The
dried lipid film was redissolved in 30 to 100 xL of chloroform.
Up to ten 1.0 uL aliquots were applied to a high performance
silica gel LHP-K plate (10 X 10 cm) from Whatman. Plates
were developed in 65:30:2.5 (by volume) chloro-
form:methanol:water until solvent front had migrated 3.5 cm
from the origin. The plate was then air-dried and redeveloped
in 80:20:1.5 (by volume) hexane:ether:acetic acid until the
solvent front was within 0.5 cm of the top of the plate. After
the plate was air-dried, lipids were then visualized and quan-
tified by either fluorescent densitometry or charring followed
by densitometry. The charring was accomplished by dipping
the plate in a solution of 10% (w/v) CuSO, and 10% (w/v)
H5PO, and then heating at 120°C for 20 min. Both reflectance
and fluorescent densitometry were determined using a CA-
MAG TLC Scanner II. The Rf values for PC, PE, and PS
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were 0.24, 0.47, and 0.54, respectively. The FL derivatives of
both PS and PE exhibited a similar Rg value of 0.95.

Fluorescence Polarization Measurement

The effect of either direct fluorescamine modification or
the presence of derivatives II on the structure of the tonoplast
membrane was qualitatively estimated from the change in
fluorescence properties of DPH incorporated into the mem-
brane. The tonoplast vesicles, with or without modification,
suspended in the proton transport medium without acridine
orange were treated with 1.90 um DPH for 20 min at 22°C.
The suspension was then illuminated with vertically polarized
light (370 nm) and the fluorescence intensities at the parallel
(I,) and the perpendicular (/;) directions were measured at
424 nm with a Perkin-Elmer LS-5B Spectrofluorometer. P
was calculated by the ratios of (I, — I)/(I, + ).

Protein Concentration Measurement

The protein content of the tonoplast membrane vesicles
was determined by a modified Lowry method using BSA as a
standard (3). All the chemicals were obtained from commer-
cial sources and were of analytical grade.

RESULTS
Establishing Experimental Conditions

Although FL has been applied to a variety of membrane
systems in the past (13, 31), the exact conditions for optimiz-
ing the efficiency of labeling tonoplast vesicles needed to be
established. The rate of FL hydrolysis in vesicle-free medium
was studied first. When FL was injected into the proton
assaying medium containing a simple amine, e.g. phenylala-
nine, a rapid increase in fluorescence which represented the
formation of II was noted (data not shown). The reaction was
essentially completed within 10 s. When FL was added to the
medium, no fluorescence increase could be detected if the
time between FL addition and addition of phenylalanine was
longer than 5 s. Thus, FL was rapidly hydrolyzed to nonreac-
tive, nonfluorescent products at pH 6.45, which was used in
the present study. In the presence of tonoplast vesicles, the
rate of labeling was slower and reaching completion 3 min
after addition of FL. Apparently, the life time of the hydro-
phobic FL was increased in the membrane. Therefore, tono-
plast vesicles were allowed to react with FL for 6 min before
testing the functional effects of the modification.

The relative labeling efficiency was estimated by titrating a
fixed amount of benzylamine with FL at different pH values.
The labeling was followed by monitoring the increase in the
absorbance at 390 nm. At pH 8.0, the labeling efficiency was
determined to be 91%, in agreement with reported values
(34). In the pH 6.45 medium used in the present work, this
efficiency decreased to about 27%, probably due to increased
hydrolysis of FL at the lower pH.

Effects of Fluorescamine Modification

FL reacted with the primary amine groups of tonoplast
vesicles to yield fluorescent products. The extent of labeling
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Figure 2. Fluorescamine labeling and its effects on proton pumping
of tonoplast vesicles. Tonoplast vesicles were mixed for 5 s with
fluorescamine stock solutions and then diluted with 1.8 mL of proton
pumping assay medium without AO and the fluorescence was meas-
ured as a function of time (A). In a parallel experiment (B), treated
vesicles were diluted in AO-containing medium, and incubated at
22°C for 6 min before the addition of ATP to induce proton pumping.
For fluorescence measurements, the excitation and emission wave-
length beams were fixed at 390 and 478 nm, respectively. The proton
pumping was followed by the absorbance change of AO at 492.5
nm. Traces a, ¢, d, f, and g represent tonoplast vesicles (0.05 mg
protein) treated with 0, 0.67, 3.33, 4.67, and 6.67 umol fluorescamine/
mg protein, respectively. In trace b, the identical amount of fluores-
camine as used in d was first added to the medium and incubated
for 6 min at 22°C before the addition of vesicles to determine the
possible effects of the hydrolyzed products of fluorescamine. In trace
e, vesicles were first diluted with the medium and then labeled with
3.33 umol fluorescamine/mg protein.

could be qualitatively followed by fluorescence intensity in-
crease at 478 nm (Fig. 2A). The extent of labeling was
dependent on the concentration of FL added to the tonoplast
vesicles. The proton pumping activity decreased as labeling
increased (Fig. 2B). To assure that the observed inhibition
was indeed due to modification, FL was allowed to be hydro-
lyzed before the addition of tonoplast vesicles. As shown by
the traces A-b and B-b of Figure 2, neither an increase in
fluorescence nor inhibition of proton pumping was detected
when FL was incubated in the medium prior to the addition
of tonoplast vesicles. These results indicate that the hydrolysis
products of FL did not interfere with the functions of the
H*-ATPase.

The effect of modification to coupled Mg-ATP hydrolysis
was compared to that of proton pumping. As depicted in

Figure 3, labeling inhibited hydrolysis significantly less than
proton pumping. The observed preferential inhibition of pro-
ton pumping was not the result of an interaction between the
fluorescent label and the dye, acridine orange, used for mon-
itoring proton movement. This was confirmed by the obser-
vation that neither the spectral properties, extinction coeffi-
cient and absorption maximum, nor the response of acridine
orange to pH changes was affected by FL modification (data
not shown). Similarly, the sensitivity and accuracy of the
malachite green assay method for phosphate determination
were not affected by the presence of FL modification (data
not shown).

Origin of the Labels

Being a primary amine specific reagent, FL potentially
could react with the N-terminus and lysine (e-NH,) residues
of proteins and amine-containing phospholipids, such as PE
and PS. Fluorescent derivatives were found in both organic
and aqueous phases obtained from lipid extraction of treated
tonoplast vesicles. As shown in Figure 3, the HPTLC analysis
revealed that as the amount of FL was increased, the PE level
decreased, and PE-FL increased almost parallel to the inhi-
bition of proton pumping. However, using the same HPTLC
analysis, no noticeable change of PS level was observed. Thus,
it appears that the arrangement of PS in the tonoplast mem-
brane significantly reduced its relative reactivity toward FL
as compared to PE. When FL treated tonoplast vesicles were
subjected to SDS-PAGE analysis, no apparent fluorescent
polypeptide bands were detected. There was substantial fluo-
rescence that comigrated with the tracking dye. However, this
result does not rule out the possibility of a low level of labeling
of membrane protein.

The above analyses on the origin of FL modification sug-
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Figure 3. Differential effects of fluorescamine labeling on the coupled
activities of the tonoplast H*-ATPase. Corn root tonoplast vesicles
were treated with different amounts of fluorescamine. The initial rates
of ATP hydrolysis (O) and proton pumping (CJ) were determined as
described. The data are plotted relative to controls (no fluorescamine
treatment) which are 1.80 AA/min/mg protein for R, and 370 nmol
Pi/min/mg protein for Rare. The contents of PE (A) and PE-FL (@)
were determined as described in text.
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Figure 4. Effects of phenylalanine-fluorescamine derivative on cou-
pled activities of the tonoplast H*-ATPase. The derivative (compound
I) was synthesized in aqueous acetone (80%) as described previously
(20). The tonoplast vesicles were incubated with different concentra-
tions of freshly prepared derivative for 6 min at 22°C before assaying
of coupled activities. The data are plotted relative to controls which
averaged 1.80 A/min/mg protein and 365 nmol Pi/min/mg protein for
Ro (D) and Rarp (’)

gested that primary amine groups both on proteins and mem-
brane lipids could be important in regulating the coupled
functions of the H*-ATPase. However, it was equally plausible
that the insertion of derivatized FL structure (II) into the
membrane resulted in the inhibition observed in Figures 2
and 3. In this regard, the primary amine groups of PE could
be considered as anchoring sites for the derivatized structure.
Presumably, the labeled PE could diffuse laterally in the
membrane phase such that the FL-accessible primary amines
are not necessarily near the protein(s) involved in the coupling
between ATP-hydrolysis and proton pumping. To test these
possibilities, the effects of adding FL derivatives on the H*-
ATPase were performed.

Effects of Presynthesized Acyclic Derivatives

The activities of the tonoplast H*-ATPase were analyzed in
the presence of various concentrations of acyclic derivatives
of FL with butylamine, benzylamine, and phenylalanine. In
the presence of acyclic Bz-FL and Phe-FL, preferential inhi-
bition of proton pumping was observed again (Figs. 4 and 5).
The addition of 50 uM of the acyclic derivatives decreased the
initial proton pumping rate (Ro) by 50% without any detect-
able influence on ATP hydrolysis rate. Similar results were
also obtained with acyclic Bu-FL (data not shown). Thus, the
destruction of membrane primary amine groups by FL could
not be the main cause of observed preferential inhibition.
While this result might suggest that these primary amine
groups might not be important in the coupling mechanism,
it does not rule out the possibility that certain FL inaccessible
—NH, groups are involved in either ATP hydrolysis or proton
pumping, or both.

The effects of the derivatives were compared to those caused

Plant Physiol. Vol. 93, 1990

by direct FL modification to evaluate the possible common
interactions with the membrane. As summarized in Table I,
detailed kinetic analysis revealed that the covalent and non-
covalent treatments shared many common features. The pres-
ence of these modifiers increased membrane leakage toward
protons (k,) under deenergized conditions. Proton leakage
during the buildup of proton gradient (k;) was affected far
less than k,. Values of k; tended to increase slightly with
modification (less than 40%). These results implied that the
initiation of proton pumping by ATP hydrolysis induced
certain rearrangement of membrane components to minimize
scalar proton leakage during the buildup of the vectorial
proton gradients. Since ATP hydrolysis was not affected by
the treatment and proton leakage should be null at time zero,
the decrease of R, could only be achieved by a reduction in
m, the coupling between proton pumping and ATP hydroly-
sis. Thus, direct FL modification as well as the addition of FL.
derivatives inhibited the response of proton pumping mech-
anism to events occurring at the catalytic site of ATP
hydrolysis.

Structural Requirement of Effective Derivatives

The results shown in Figures 4 and 5 demonstrate that the
presence of acyclic structure of II in the membrane caused
preferential inhibition of proton pumping. However, it re-
mained to be determined which particular moiety of the FL
derivatives was critical for this effect. A close examination of
the acyclic structures of derivatives II points to the presence
of hydroxyl, carboxyl, and carbonyl groups. These functional
groups were known to be involved in the formation of hydro-
gen bonds in biological systems. It is possible that the presence
of these functional groups at or near the proton conducting
pathway of the pump may affect the coupled activities. This
expectation agrees with the suggestion that intra-molecular
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Figure 5. Effects of benzylamine-fluorescamine derivative on cou-
pled activities of the tonoplast H*-ATPase. Fluorescamine derivative
of benzylamine was synthesized in acetonitrile as described in “Ma-
terials and Methods.” The treatment of the tonoplast vesicles with
freshly prepared derivative was similar to that described in Figure 3.
Data are plotted relative to controls which averaged 1.75 AA/min/mg
protein and 275 nmol Pi/min/mg protein for R, (O) and Rare (¢).
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Table I. Effects of Fluorescamine and Its Primary Amine Derivatives
(1) on the Kinetic Parameters of Coupled Activities of the H*-ATPase
in Corn Root Tonoplast Vesicles

Vesicles were either reacted with FL or incubated with cyclic FL
derivatives with phenylalanine (Phe-FL), benzylamine (Bz-FL), or bu-
tylamine (Bu-FL) and then assayed for ATP hydrolysis, proton trans-
port, and DPH fluorescence polarization (P) as described in “Materials
and Methods.” The values listed are relative to control (no fluores-
camine or derivatives). The: control values of Ro, Rare, K1, k2, and P
are 1.75 AA/min/mg protein, 360 nmol Pi/min/mg protein, 0.93 min~",
0.65 min™', and 0.11, respectively. The data represent an average of
three experiments with an error range as +5%. Values for k. were
determined by depleting ATP by the addition of hexokinase in the
presence of glucose.

L DPH
Reagent ATPase Activities Fluorescence®
Ro Rare ki k2 P?
None 1.00 1.00 1.00 1.00 1.00
1 umol FL/mg protein 0.69 1.02 096 125

2 umol FL/mg protein 057 096 1.05 1.71
4 umol FL/mg protein 047 088 110 203 1.36

35 um Phe-FL 0.63 097 097 222
70 um Phe-FL 040 087 131 382 164
35 um Bz-FL 058 1.00 120 277
70 um Bz-FL 044 094 095 322
70 um Bu-FL 0.80 1.06 100 1.60

2 The concentration of DPH used was 1.9 uM.

H-bonding between helices of bacteriorhodopsin may be crit-
ical for allowing light-induced proton movement (26).

In previous studies of proton pumping in mitochondria
(28), we demonstrated that the addition of cyclic derivatives
(II1) had no detectable effects on coupled activities. To deter-
mine if these hydroxyl and carboxyl groups of the acyclic
derivatives (II) were essential for inhibition, the effects of
cyclic derivatives III were compared to those induced by
acyclic derivatives II. The cyclization of derivative II to III
shifted the absorption maximum to a longer wavelength and
profoundly reduced the fluorescence emission (Fig. 6). Al-
though acyclic Bz-FL shared similar spectroscopic properties
to Phe-FL (II), the cyclization of the former produced different
changes. The ring formation of Bz-FL (II) shifted the absorp-
tion as well as the emission maximum to shorter wavelength
(blue shift by about 10 nm). In addition, the decrease in
emission intensity of cyclic Bz-FL was only about 50%.
However, the addition of cyclic derivatives to tonoplast vesi-
cles up to 100 uM had no detectable effects on the coupled
activities of the H*-ATPase (data not shown). Because of
enhanced hydrophobicity, the partitioning of cyclic III into
the membrane phase should be higher than that of acyclic I
The ineffectiveness of cyclic III can not be due to a lacking of
membrane solubility. The preferential inhibition of proton
pumping by II, but not III, suggests that intra- or intermolec-
ular H-bonding of the tonoplast membrane components
might be involved in the pathway of transmembrane proton
pumping.

Effects of the Treatment on Membrane Fluidity

The relative fluidity of membranes could be qualitatively
related to the polarizability (P) of incorporated fluorescent
compound, DPH (23). In general, P increased in the presence
of acyclic derivatives, consistent with a decrease in membrane
fluidity. This decrease was noticeably accompanied by an
increase in k; and a decrease in Ry. The fact that k; was not
affected by this change in a general property of the membrane
suggested the proton leakage pathway, at least under energized
conditions (i.e. active ATP hydrolysis occurring), may be
localized in an area unaffected by FL treatment. Alternatively,
the influence of the treatment may be removed by the ener-
gization process for example, by conformational changes in
proteins.

DISCUSSION

The results described in this study provide further evidence
to support our previous hypothesis (27, 29, 30) that the
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Figure 6. Comparison of spectroscopic properties between com-
pounds Il and lil. The absorption (upper panel, solid line) and fluores-
cence (lower panel, solid line) spectra of fluorescamine derivative (ll)
with phenylalanine (Phe-FL) were recorded immediately after synthe-
sis. The cyclization of Il to form Ill was allowed to proceed in the
aqueous acetone solution for 24 h'at 22°C in the dark. The absorption
(upper panel, dotted line) and fluorescence (lower panel, dotted line)
spectra of cyclized derivative (1ll) were then recorded. For fluores-
cence measurements, the excitation wavelength was set at 390 nm.
Similar spectroscopic changes were also observed with other flu-
orescamine-primary amine derivatives mentioned in text.



TONOPLAST ATPase COUPLED

reorganization of energy transducing membrane such as that
observed in mitochondrial inner membrane (24).

1.

10.

11

LITERATURE CITED

Bennett AB, O’Neill SD, Spanswick RM (1984) H*-ATPase
activity of storage tissue of Beta vulgaris. 1. Identification and
characterization of an anion sensitive H*-ATPase. Plant Phys-
iol 74: 538-544

. Bennett AB, Spanswick RM (1984) H*-ATPase activity of storage

tissue of Beta vulgaris. 1. H*/ATP stoichiometry of an anion
sensitive H*-ATPase. Plant Physiol 74: 545-548

. Bensadoun A, Weinstein D (1976) Assay of proteins in the

presence of interfering materials. Anal Biochem 70: 241-250

. Brauer D, Tu S-I, Hsu A-F, Thomas CE (1989) Kinetic analysis

of proton transport by the vanadate-sensitive ATPase from
maize root microsomes. Plant Physiol 89: 464-471

. Briskin DP, Thronley WR, Wyse RE (1985) Membrane transport

in isolated vesicles from sugarbeet taproot. II. Evidence for a
sucrose/H* antiport. Plant Physiol 78: 871-875

. Chanson A, Fichman J, Spear D, Taiz L (1985) Pyrophosphate-

driven proton transport by microsomal membranes of corn
coleoptiles. Plant Physiol 79: 159-164

. Chanson A, Pilet PE (1989) Target molecular size and sodium

dodecyl sulfate polyacrylamide gel electrophoresis analysis of
the ATP- and pyrophosphate-dependent proton pumps from
maize root tonoplast. Plant Physiol 90: 934-938

. Churchill KA, Sze H (1983) Anion-snesitive H*-pumping in

membrane vesicles from oat roots. Plant Physiol 71: 610-617.

. De Bernado S, Weigele M. Toome V, Manhart K, Leimgruber

W, Bohlen B, Stein S, Udenfriend S (1974) Studies on the
reaction of fluorescamine with primary amines. Arch Biochem
Biophys 163: 390-399

Ernster L (1977) Chemical and chemiosmotic aspects of electron
transfer-linked phosphorylation. Annu Rev Biochem 46: 981-
995

Jennings IR, Rea PA, Leigh RA, Sanders D (1988) Quantitative
and rapid estimation of H* fluxes in membrane vesicles: soft-
ware for analysis of fluorescence quenching and relaxation.
Plant Physiol 86: 1257-1263

. Kupke IR, Zeugner S (1978) Quantitative high-performance

thinlayer chromatography of lipids in plasma and liver homog-
enates after direct application of 0.5 xL samples to the silica-
gel layer. J Chromatogr 146: 261-271

. Lam E, Shiuan D, Tu S-I (1980) Differential inhibition of respi-

ration and its dependent H*-extrusion by fluorescamine in rat
liver mitochondria. Arch Biochem Biophys 201: 330-338

. Mitchell P (1975) Vectorial chemistry and the molecular mech-

anism of chemiosmotic coupling: power transmission by prot-
icity. FEBS Lett 59: 137-139

. Mithcell P, Moyle J (1969) Translocation of some anion cations
and acids in rat liver mitochondria. Eur J Biochem 7: 471-484 .
. Moreau RA, Isett TF (1985) Autolysis of membrane lipids in

potato leaf homogenates: effects of calmodulin and calmodulin
antagonists. Plant Sci 40: 95-98

. Pietrobon D, Zoratti M, Azzone GF, Stuchi JW, Walz D (1982)

18.

19.
20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

PROTON PUMPING 1109

Non-equilibrium thermodynamic assessment of redox-driven
H*-pumps in mitochondria. Eur J Biochem 127: 483-494
Purcell JM, Quimby DJ, Cavanaugh JR (1976) New method for
the determination of free amino groups in intact pure proteins:
relationship to available lysine. J Assoc Off Anal Chem 59:
1251-1254
Racker E (1979) Transport of ions. Acct Chem Res 12: 338-344

_Ramirez F, Shinan D, Tu S-I, Marecek JF (1980) Differential

effects on energy transduction processes by fluorescamine de-
rivatives in rat liver mitochondria. Biochemistry 19: 1928-
1933

Schumaker KS, Sze H (1985) A Ca?*/H* antiport system driven
by the proton electrochemical gradient of a tonoplast H*-
ATPase from oat roots. Plant Physiol 79: 1111-1117

Schumaker KS, Sze H (1986) Calcium transport into the vacuole
of oat roots. J Biol Chem 261: 12172-12178

Shinitzky M, Inbar M (1976) Microviscosity parameters and
protein mobility in biological membranes. Biochim Biophys
Acta 433: 133-149

Shiuan D, Tu S-I (1978) Fluorescent labeling of mitoplast mem-
brane: effect of oxidative phosphorylation uncouplers. Bio-
chemistry 17: 2249-2252

Stein S, Bohlen P, Stone J, Dairman W, Undenfriend S (1973)
Amino acid analysis with fluorescamine at the picomole level.
Arch Biochem Biophys 155: 202-212

Stoeckenius W (1980) Purple membrane of halobacteria: a new
light-energy converter. Acct Chem Res 13: 337-344

Tu S-1, Brouillette JN, Nagahashi G, Brauer D, Nungesser E
(1988) Temperature dependence and mercury inhibition of
tonoplast-type H*-ATPase. Arch Biochem Biophys 266: 289-
297

Tu S-1, Lam E, Ramirez F, Marecek JF (1981) Inhibition of the
links between electron transfer and proton translocation in
mitochondria. Eur J Biochem 113: 391-396

Tu S-1, Nagahashi G, Brouillette JN (1987) Proton pumping
kinetics and origin of nitrate inhibition of tonoplast-type H*-
ATPase. Arch Biochem Biophys 256: 625-637

Tu S-I, Nungesser E, Brauer D (1989) Characterization of the
effects of divalent cations on the coupled activities of the H*-
ATPase in tonoplast vesicles. Plant Physiol 90: 1636-1643

Tu S-I, Shiuan D, Ramirez F, McKeever B (1981) Effects of
fluorescamine modification on light-induced H*-movement in
reconstituted purple membrane of halobacteria. Biochem Bio-
phys Res Commun 99: 584-590

Udenfriend S, Stein S, Bohlen P, Dairman W (1972) Fluoresca-
mine: a reagent for assay of amino acids, peptides, and primary
amines in picomole range. Science 178: 871-872

Wang Y, Leigh RA, Kaestner KH, Sze H (1986) Electrogenic
H*-pumping by pyrophosphate in transport vesicles from oat
roots. Plant Physiol 82: 497-502

Weigele M, DeBernardo SL, Tengi JP, Leimgruber W (1972) A
novel reagent for the fluorometric assay of primary amines. J
Am Chem Soc 94: 5927-5928

Westerhoff HV, Hellingwerf KJ, Arents JC, Scholte BJ, Van
Dam K (1982) Moasic non-equilibrium thermodynamics de-
scribes biological energy transduction. Proc Natl Acad Sci USA
78: 3554-3558



